Summary
Electron energy-loss spectroscopy (EELS) has been used to characterize the electronic structure of charcoal phases at the nanoscale, thus demonstrating that the technique can be applied to environmental science. Activated charcoal is extensively used to remove pollutants from liquid and gaseous sewage. It is mainly obtained by activation of coke or charcoal produced from ligneous precursors. The present study concerns the use of by-products of local Caribbean agriculture, such as sugar cane bagasse, fruit stones and seeds, for use as activated charcoal precursors. Charcoal phases are prepared by high-temperature pyrolysis of lignocellulosic raw materials under a nitrogen gas flow. With the aim of optimizing the pyrolysis temperature and duration and oxygen content, the concentration of carbon sp 2 hybridized chemical bonds and structural ordering have been followed by EELS for different treatment temperatures. To quantify the carbon sp 2 content, near edge structure (NES) at the carbon K edge has been measured to determine the strength of π → π * and 1s → π * transitions. Three precursors of plant origin, shells of Terminalia catappa and Acrocomia karukerana and seeds of Psidium guajava , with the pyrolysis temperatures between 600 and 900 ° C, were investigated. The fraction of carbon sp 2 bonding is found to increase when the temperature rises from 600 ° C to the range 700-750 ° C and becomes stable at higher temperatures. For temperatures in excess of 700 ° C, structural ordering probably occurs and well-defined 1s → σ * NES is present, whose intensity increases with increasing preparation temperature. For the highest temperature of around 900 ° C, the structure of the final product is less well organized than graphitized carbon but a few per cent of a highly ordered phase is found.
Introduction
It is well known that agricultural by-products such as woods, fruit stones, nut shells and sugar cane bagasse are suitable raw materials for the production of high-quality activated charcoals (Girgis et al ., 1994; Gonzalez et al ., 1995; Walker, 1996) . They could represent renewable resources for largescale industrial production of activated charcoals through pyrolysis of the lignocellulosic materials. Most research on this subject has been related to the development and distribution of pores during the activation process (Gai et al ., 1989; Molina-Sabio et al ., 1996) . Only a few investigations have been concerned with the structure and activity of the resulting activated charcoal through the influence of the precursor material, e.g. olive stones, almond shells or coconut shells (Lopez-Gonzalez et al ., 1980; Laine et al ., 1991; Balci et al ., 1994) , or the oxidant gas type, e.g. CO 2 or H 2 O (Arriagaga et al ., 1994; Rodriguez-Reinoso et al ., 1995; Chong Lua & Goo, 2000) . The present study uses analytical transmission electron microscopy (TEM) and more specifically electron energy-loss spectroscopy (EELS) to characterize the structure and composition of the carbon phases obtained by pyrolysis. Formation of the precursors is investigated under various temperature conditions. The precursors are derived from local Caribbean agriculture: tropical almond ( Terminalia catappa ) shells, dinde ( Acrocomia karukerana ) stones and guava ( Psidium guajava ) seeds. Carbon, nitrogen and oxygen contents are deduced from quantitative analysis of corresponding ionization edges. Carbon-carbon double bond content and the evolution of short-range order are determined by quantitative measurement of the carbon K near edge structure (NES). The spectrum features are characteristic of dipole-allowed transitions from 1s core levels into unoccupied antibonding levels ( π *, σ *) and are correlated to the density of π and σ states.
Experimental

Preparation and properties of the precursors
The three precursors to be investigated are tropical almond ( Terminalia catappa ) shells, dinde ( Acrocomia karukerana ) stones and guava ( Psidium guajava ) seeds, which are referred to as 'almond', 'dinde' and 'guava' in the following section. Each precursor was dried at 105 ° C, and then crushed and sieved. Chemical analyses of each precursor were obtained on particles of diameter between 0.215 and 0.400 mm. Analyses of the major elements are summarized in Table 1 , and more complete data have been published elsewhere (Largitte, 2000; Ouensanga et al ., 2003) .
Charcoal preparation
Details of the preparation have been described in Largitte (2000) . The precursor is pulverized in a crushing machine and then sieved. Only particles of diameter 0.4-1 mm were used for pyrolysis, which was performed on 0.25-g quantities of the sample. The specimen was inserted into an alumina crucible and introduced into a tubular furnace where it was maintained at the selected temperature under nitrogen gas flow. From the room temperature of about 25 ° C, the sample reached the pyrolysis temperature at a constant heating rate (10 ° C min − 1 ) under a pure nitrogen gas flow of 2 L h − 1 . During this period, water and other volatile species were eliminated. The sample was then maintained at the selected temperature for 2 h, after which it was cooled down to room temperature under the same N 2 gas flow. The temperature range that was studied extends from 600 to 900 ° C in steps of 50 ° C.
Preparation of the sample for EELS analysis
The pyrolysed samples were crushed and the finest particles deposited onto EM grids covered with a holey carbon films. The particles stuck onto the carbon support by Van der Waals attraction. Transmission electron microscopy together with EELS was used to characterize the structure of the carbon phases. Investigations were carried out in a Hitachi H8000 electron microscope equipped with a Gatan Imaging Filter (GIF). The experimental conditions were as follows: the microscope was operated at an accelerating voltage of 200 kV with a tungsten filament source and a 50-µ m objective aperture. The GIF entrance aperture was 2 mm in diameter and the energy resolution was 1.2 eV as defined by the full width at half maximum of the zero-loss peak. Spectra were recorded in diffraction coupling mode and were collected with an electron dose lower than 400 electrons nm − 2 . Specimen areas were analysed that had diameters of order 300 nm and thicknesses in the range 20-70 nm.
Results
Informations from EELS spectra
Figures 1-3 show typical EEL spectra recorded from pyrolysed material at temperatures of 650 ° C, 750 ° C and 850 ° C for the almond, dinde and guava samples, respectively. In the lowenergy range (Figs 1A, 2A and 3A) the typical plasmon peak of carbonaceous material is present at 22 eV as well as a Fig. 1 . EEL spectra recorded from almond shell charcoal as a function of pyrolysis temperature: (A) low-loss spectra, and (B) C K edge spectra.
specific feature appearing at about 6.5 eV. At the carbon K edge (Figs 1B, 2B and 3B), two peaks are visible in the near edge structure at 284 and 291 eV. These features are characteristic of the chemical bonding of carbon atoms (Wery & Mansot, 1993) .
Assignment of near edges structures present at C K edge
To interpret the various features appearing in the pyrolysed material, EEL spectra were recorded from well-known standard carbon compounds (Wery & Mansot, 1993) . Figure 4 (A,B) shows low-loss and C K edge spectra, respectively, which were recorded from amorphous carbon, diamond and graphite. In the low-loss range, the peak appearing at around 6.5 eV is only present in the amorphous and graphite spectra and this feature can be attributed to electronic transitions from π bonding levels to π * antibonding levels (Ritsko & Bigelow, 1978; Fink, 1989) . At the C K edge, the near-edge feature at 284 eV only appears in amorphous carbon and graphite, whereas a feature at 291 eV is easily visible in graphite and diamond. In agreement with electronic band structure calculations and previous experimental work, the feature at 284 eV is attributed to dipole-allowed electronic transitions from 1s levels to antibonding states π *, which is characteristic of the electronic structure of the compounds and can be represented schematically by the existence of carbon-carbon double bonds (Fink, 1989; Stöhr, 1992; Mansot et al ., 1993; Sandré et al ., 1994) . The shape resonance extending above 290 eV in amorphous carbon is classically attributed to dipole-allowed electronic transitions from 1s levels to antibonding states σ * characteristic of electronic structure of the compounds, which can be represented schematically by the existence of carbon-carbon single bonds. In more ordered compounds like diamond and graphite, an additional well-defined peak appears at 291 eV. In the present work, we also study the evolution of the normalized intensity of this feature as a function of preparation temperature. 
Quantification of double/single bond contents and ordering
As previously demonstrated, the 1s → π * and 1s → σ * transitions are highly sensitive to orientation of the sample with respect to the electron beam direction. For laminated materials such as graphite, the 1s → π * transition varies between a maximum value when the c -axis is parallel to the incident electron beam and a value close to zero when the c -axis is perpendicular to the incident electron beam (Rosenberg et al ., 1986; Stöhr, 1992) . The high sensitivity of the 1s → π * transition is due to matrix element in the differential crosssection being strongly dependent on the orientation of the scattering vector and the orientation of the final π * state, which is characterized by the p-orbitals of carbon atoms parallel to the c -axis in graphite.
where q is the modulus of the scattering vector, the final and initial states <q*|,|1s> are represented by bra and ket, respectively, is a unit vector parallel to , and is the co-ordinate of the atomic electron. For carbon materials with low order, π and consequently π * molecular orbitals are randomly orientated. Consequently, the direct measurement of the intensity of 1s → π * feature can be related to the evolution of double bond content of the compounds studied. For more ordered carbon compounds such as graphite or turbostratic carbon, this approach is no longer valid due to the orientation dependence of the near edge fine structure. In the specimens under consideration here, analyses are performed over large numbers of carbon clusters so the quantification of the 1s → π * transition appears to be a reasonable approach for assessing the fraction of carbon-carbon double bonds and to identify the optimum conditions for the pyrolysis reactor.
Data analysis
The Gatan EL/P software was used to analyse the EELS data. Analyses of the low loss spectra were performed as follows: the zero-loss spectra were deconvolved to eliminate multiple scattering using the Fourier-logarithmic procedure. The π → π * transition was simulated by a gaussian function and the plasmon band by the jellium equation (Egerton, 1996) . The measured area of the π → π * transition was divided by the low loss intensity integrated over an energy range from 2 to 80 eV as a normalization procedure. Analysis of the carbon K edge was carried out as follows: the background was first removed by fitting to an inverse power law in the pre-edge region. The C K spectra were deconvolved to eliminate multiple scattering by means of the Fourier-ratio method by making use of the low-loss spectra. The 'monoatomic edge' is simulated by an arctan function and peaks corresponding to the 1s → π * (284 eV) and 1s → σ * (291 eV) transitions are fitted by gaussian functions. Peak areas were normalized by dividing by the jump at the edge, which is defined as the edge intensity at 294 eV.
The percentage of sp 2 carbon hybridization was obtained using the following expression:
where I Unknown compound (1s → π *) and I Graphite (1s → π *) represent the normalized intensity of the 1s → π * transition recorded, respectively, from the unknown compound at the selected temperature for almond, guava and dinde, and from a large area of randomly orientated polycrystalline graphite.
Results from charcoals
For each precursor (almond, dinde and guava), the intensity of the plasmon and carbon K NES features corresponding to the π → π *, 1s → π * and 1s → σ * transitions are plotted as a function of the pyrolysis temperature (Figs 5-7) . For the Fig. 4 . Carbon K edge fine structure for standard specimens of amorphous carbon, diamond and graphite: (A) low-loss spectra, and (B) C K edge spectra.
various precursors, the intensities of the π → π* and 1s → π* features, which are related to the number of unsaturated bonds, increase when the temperature rises from 600 °C to the range 700-750 °C, and then stabilize at higher temperatures. This phenomenon is more pronounced for almond. The intensity of the feature at 291 eV, corresponding to the 1s → σ* transition appears to increase linearly as a function of the sample preparation temperature, this evolution being more important for the almond precursor. If it is assumed that the high temperatures induce ordering of the pyrolysed material, the 291-eV feature is most likely related to mean long-range order of the material.
Comparison between charcoals
The measured evolution of the 1s → π* intensities expressed in terms of the percentage of sp 2 carbon hybridization are compared in Fig. 8 for each of the precursors. It is apparent that the precursor affects the structure of the final pyrolysed product. It is evident that the dinde and guava precursors lead to final compounds that contain a relatively high amount of sp 2 hybridized carbon, whereas the almond precursor gives rise to a relatively lower amount of sp 2 hybridization. If it is assumed that the 291-eV peak intensity reflects the amount of short-range order, then it appears that the almond precursor produces a more ordered compound and guava precursor produces a less ordered compound.
Conclusion
With the aim of improving the production of activated charcoal from local agricultural by-products, EEL spectroscopy has been successfully used to characterize the structure of pyrolysed compounds generated at different temperatures from three types of precursor. The evolution of the fine structure at C K edge has been correlated with the degree of sp 2 hybridized carbon-carbon bonds relative to the spectrum from graphite. It has been demonstrated that the amount of unsaturation increases up to a temperature of 700 °C and stabilizes at temperatures above this. It has been found that the intensity of the 291-eV peak, attributable to 1s → σ* transitions, increases as a function of pyrolysation temperature. This evolution seems related to short-range ordering of the material. Taking into account these results the optimum temperature range for pyrolysation seems to be 800-850 °C. Complementary studies are under way to correlate these results with properties of the final activated charcoal, including adsorption of methylene blue, iodine content, pore size measurement by isothermal nitrogen adsorption, and mercury porosity. In the future, results obtained from adsorption properties can be compared with those already published from commercial coconut charcoals.
